Single stage electrohydraulic flow control valves are currently not suitable in high flow rate and high frequency applications. This is due to the very significant flow induced forces and the power/force limitation of electromagnetic actuators that directly stokes the spool. An unstable valve has been proposed that can utilize the flow forces to achieve fast responses at high flow rate. In this paper, we model the flow forces, including both steady and transient, of a directional flow control valve for incompressible and viscous fluid. In particular, the viscosity effect and non-orifice flux are investigated. The new models have been verified by CFD analysis to be more accurate than the old models. The paper also presents a systematic experimental study on the flow forces, in particular on the steady flow forces. The estimates according to our new models, revised slightly due to the limitation of the experiment, are consistent with the experimental results. Both the experimental results and the modeling estimation show that, for an unstable valve with negative damping length, both transient and steady flow forces can help to achieve the higher spool agility. The satisfactory modeling and experimental study on the flow forces give us a grounding for the future research of unstable valve design.
Introduction
In a single stage electrohydraulic flow control valve, the main spool is stoked directly by solenoid actuators. In high flow rate applications, there is a stringent power/force requirement for solenoids because flow forces produced at high flow rate are very significant. The dimensional limitation of valve results in the power/force restriction of the solenoids. Therefore, single stage valves are not suitable for high performance applications. In these situations, multi stage valves are generally used in which the spools are driven by one or more pilot stage hydraulic valves. However, multi stage valves tend to be more susceptible to contamination, are more expensive in terms of manufacturing and maintenance, and are therefore less reliable than single stage valves.
Our research aims at improving the flow and bandwidth capabilities of single stage valves by alleviating the high demands for solenoid actuators. The approaches we adopt is to utilize fluid flow forces to increase the agility of the spool, so that less power/force is needed from the solenoids to achieve fast spool response. Generally speaking, flow forces can be classified as either steady or transient. Steady flow forces are those experienced by the spool when it is at rest, while transient forces are the extra ones exerted by fluid when the spool is in motion. In our previous study, we investigated the transient flow force both theoretically and experimentally [6] . In [2] , we show using computer simulation that the valves configured to be unstable can have faster step responses under solenoid saturation than their stable counterparts. Also less positive power but more negative power (braking) power is required to track a sinusoidal flow rate. A basic premise of the simulation study is that the damping length determines whether the transient flow force is stabilizing or distabilizing. The damping length of a valve is defined as the difference in the distances between the inlet from the actuator/load and the outlet to the return/resevoir, and between the inlet from the supply and the outlet to the actuator/load (see Fig. 1 for more clarification). The premise that negative damping length improves spool agility has recently been experimentally validated by comparing the stroking time of the spool in an experimental valve whose damping length can vary as desired [6] .
Our original hypothesis on which negative damping length improve spool agility is mainly that the transient flow forces are unstable for the negative damping lengths. The assumption for the derivation of the flow force models in [1] [3] and [2] neglect the effect of viscosity. The steady flow forces are then expected to be unchanged for different damping lengths. However, preliminary CFD analysis [6] showed that the viscosity effect is not negligible for the standard hydraulic oil. The comprehensive flow force models that take into account fluid viscosity, and the corresponding computational fluid dynamics (CFD) analysis in [7] has shown that viscosity can have significant effect on fluid flow forces and hence the spool agility. The direction of the this effect is also determined by the sign of the damping length. In particular, for negative damping lengths, viscosity tends to reduce steady flow forces. Thus, the experimentally observed improvement in spool agility in [6] for negative damping lengths, may be attributed, besides the unstable flow forces, to the reduction in steady flow forces as well.
So far, however, the independent experimental study on the relationship between the steady forces and the damping length has not yet been presented. This is very important because the performance of unstable valve partly depends on steady flow force models. The concrete design of unstable valve cannot be done before the complete picture of both transient and steady flow forces is known. In this paper, the experimental study on the steady flow forces with respect to the damping length is presented. The experimental results support the theoretical conclusion we derived in previous papers, namely, the viscosity has a significant effect on the steady flow forces. We also develop the new flow force models that take into account the flux of the nonorifice port, whose effect has been verified by CFD analysis. The estimation of the flow forces according to the new models is consistent with the results from the experiment, in nearly all aspects.
The rest of paper is organized as follows. In section 2, flow force models of steady and transient flow forces, for incompressible and viscous fluid, is presented. Section 3 presents CFD analysis of flow forces. In section 4, we present the experimental results that strongly support the proposed model and CFD analysis. The discussion and concluding remarks will be present in section 5 and 6. Two "Q" ports are connected to the load (hydraulic actuator), and P s is connected to the supply pressure, and P t is connected to the return. In a single stage valve the spool is stroked directly by solenoid actuators. Figure 2 . Meter-in valve chamber. The lower gray block is the control volume.
Modeling of fluid flow forces
A typical four way directional control valve such as in Figure 1 consists of a meter-in chamber (left) and a meter-out chamber (right). We analyze the fluid flow induced force on the spool for the meter-in and the meter-out chambers separately.
Meter-in chamber
Consider first the meter-in chamber (Fig. 2) . The force F spool (positive to the right) that the spool experiences from the fluid can be calculated in various ways. Most fundamentally, it is given by:
where F land is the pressure force acting on the lands, F rod is the viscous force acting on the spool rod, P r and P l are the pressures on the right and left lands, A r and A l are the annulus area of the right and left lands, and τ rod is the shear stress exerted on the rod by the fluid.
F spool can also be computed from the reaction of the force that the spool acts on the fluid. In Fig. 2 observe the control volume located in a fluid-flow field, which is annular cylinder surrounded by the sleeve, the rod, the lands and the inlet and outlet surfaces (the ones separate the fluid inside the chamber from others), as the marked gray block. Applying Newton's second law of motion, we get the momentum conservation equation with respect to the control volume, particularly in the axial direction:
The item on the left side of Eq. (2) is the sum of the longitudinal forces acting on the control volume. As shown in Fig. 2 , the sum of the forces are :
τ rod is shear stress on the fluid imposed by the rod.
F spool is the reaction force that the spool acts on the fluid, including both the shear stress from the rod and the pressure from the lands. F sleeve is the viscous force that valve sleeve acts on the fluid. The forces applied by fluid at hoses through non-wall surfaces of the control volume are neglected. They are negligibly small, since the surfaces are parallel to the spool axis and the pressure forces do not act along the axial direction. In short, the sum of the forces are contributed only by the spool and the sleeve.
The first items on the right side of (2) represents the rate of accumulation of momentum within the control volume, in which ρ is the fluid density, v x is the longitudinal fluid velocity. The second item, denoted as F efflux , expresses the net momentum efflux from the control volume, in which v n represents the dot product of velocity vector v and the outwardly directed normal vector of the control surface n.
From (2)(3), it follows:
It can be seen that F spool can be decomposed into a component associated with steady flow, and a component associated with transient flow. Previous models for steady flow force [1, 3] do not consider the viscosity effect, i.e. F sleeve £ 0.
Steady flow force
Consider now F efflux and F sleeve components of the steady flow force separately. According to the preceding description, the net efflux can be evaluated as:
since most of the surfaces of the control volume are walls with zero flux. The only surfaces that have non-zero flux through them are associated with the inlet and outlet. With respect to the efflux (the first term in right side of (5)), it is often assumed that the fluid velocity is nearly normal to the spool axis in the outlet surface(v x £ 0). However, the CFD analysis in the next section shows that the longitudinal efflux in the outlet is very significant, hence our models should take this into account. Since the longitudinal momentum flux associated with the outlet is proportional to Q 2 , we model the meter-in chamber efflux as c in Q 2 . It turns out that a constant c in can be used. c in is independent of other factors except for the valve geometry. With respect to the influx (the second term in right side of (5)), since an orifice is formed there, it is well known that the influx can be calculated via Bernoulli's equation. Then the influx is given by
being the orifice area when the spool displacement is x v , θ being the vena contrata jet angle, and C c being the contraction coefficient. The net efflux has the form:
Consider now the sleeve force F sleeve . Suppose that the fluid is a newtonian fluid. Fundamentally, the sleeve force is:
where µ is the dynamic viscosity of the fluid and
∂r is the longitudinal velocity gradient in the outward radial direction, evaluated at the sleeve wall. The integral in Eq. (7) is evaluated over the entire fluid/sleeve interface. Since the friction factor in the dead space between the outlet and the left hand land in Fig. 2 is negligible (this is verified by CFD results), and assuming that the flow is laminar (this is true at least under our experimental conditions), the Hagen-Poiseuille laminar equation [3] applies.
Thus,
for a suitable geometry and material dependent coefficient α ( 0. From (4) (6) (8), the steady flow force is then given by
and the flow rate Q increase monotonically with x v , the first term (momentum flux) in the steady state flow force F steady in Eq.(9) acts like a spring force with a positive spring coefficient (nonlinear). This is the well recognized stabilizing effect of steady flow force [1] [3] . It is worth mentioning that the stabilizing forces in our models are considerably reduced because of c in effect. Furthermore, if c in
, we may obtain the destabilizing momentum flux. The feasibility of doing this will be investigated in future studies. On the other hand, the second term (sleeve force) in the steady state flow force F steady in Eq.(9) acts like a spring force with a negative spring constant. Therefore, for the meter-in chamber, the viscosity effect, as well as the non-orifice flux, tend to reduce the steady flow force.
Transient flow force
To derive the transient flow force, we first compute the longitudinal momentum of the fluid in the meter-in chamber:
where x is the longitudinal distance, and S x is a cross sectional area of the control volume normal to the spool axis at position x. The inner integral in (10) is zero for any location x to the left of the outlet, and is ¤ Q for any location x to the right of the outlet. Therefore,
where L 1 is the distance between the outlet and the orifice. Hence, the transient flow force in (4) is given by:
Using a quasi-static analysis, i.e. assuming that Q is given by some function of the instantaneous spool displacement Figure 3 . Meter-out valve chamber.
we can calculate the transient flow force:
This shows that the transient flow force for the meter-in valve chamber in Fig. 2 generates a negative damping and hence an unstable effect on the spool.
Meter-out valve chamber
A similar analysis can be performed for a meter-out valve chamber (Fig. 3) . The steady flow force also consists of two components: ¤ F efflux given by (5), and F sleeve given by (7) . However, their approximation, (6) (8) for the meter-in case, will not be valid in the meter-out case. The net efflux is given by:
where c out is a non-orifice coefficient for the meter-out chamber momentum flux. The sleeve force is:
where L 2 is the distance between the entry port and the meter-out orifice in Fig. 3 . The transient flow forces for the meter out chamber is given by:
Therefore, for the meter-out chamber, the net efflux component of the steady flow force still acts like a spring force with a positive spring coefficient. Because c out is typically much smaller than c in , the spring coefficient of the meter-out case is larger than that of the meter-in case. However, unlike the meter-in chamber, the sleeve force component of the steady flow force now acts like a spring with positive spring coefficient, and the transient flow force acts like a damping force with positive damping coefficient. Hence, both components of the steady flow force, and the transient flow force are stabilizing. Since the spool is acted on by both the meter-in and the meter-out chambers (Fig. 1) , the net force that acts on the spool is then the sum of the forces. In particular, if the "damping length" (13) and (16), is positive, and if L 3 0, the damping coefficient is negative. In commercial valves, L is designed to be positive. By choosing L 3 0, the agility and responsiveness of the spool can be improved due to the negative damping effect. With respect to the relationship between L and the steady flow forces, we found that if L ( 0, the effect of viscosity on the steady flow force will be stabilizing and if L 3 0, the effect of viscosity tends to be destabilizing. The new result in this paper is that, by introducing the non-orifice flux coefficients, the net efflux component of the steady flow forces of the meter-in chamber can be quite different from that of the meter-out chamber. In particular, in the meter-in chamber, the net efflux can be reduced so much that the viscosity effect dominates and determines whether the steady flow forces is stabilizing or destabilizing.
CFD analysis of flow forces
In this section, we present CFD analysis to verify and evaluate the various flow force models presented in Section 2. The 3D computational volume that models a typical fluid chamber is shown in Fig. 4 . To model the meter-in chamber (left chamber in Fig. 1 ), the right hand side port in Fig. 4 is the entry port, and the left hand port is the outlet port. To model the meter-out chamber (right chamber in Fig. 1) , the left hand side port is the entry port, and the right hand side port is the outlet port. The orifice is at the right hand side port in both cases. In this analysis, clearance is not considered. This might have some effect on the flow patterns, especially for small orifices x v . Various geometries that correspond to the different damping lengths L 1 and L 2 , as well as spool displacements x v are considered. The mesh and the boundary condition for each geometry are generated by the GAMBIT pre-processor. Each computation volume uses about 1,000,000 nodes and 500,000 elements.
The incompressible Navier-stokes equations without body forces are given by [4] : Continuity: 
Momentum:
where ρ is fluid density, V is the fluid velocity vector, P is the pressure and µ is dynamic viscosity. The SIMPLE pressure correction approach [4] is applied to decouple the continuity and momentum equations. Eqs.(17)-(18) are solved using the first order Upwind scheme until steady conditions are achieved. The solutions are obtained using FLUENT 6 on the IBM SP supercomputer at the University of Minnesota.
Estimation of non-orifice flux coefficients
Before analyzing the flow forces, it is necessary to verify the proposed models for the non-orifice flux coefficients. First of all, we want to ensure that c in and c out are constant, i.e., the non-orifice fluxes are proportional to Q 2 , for either meterin chamber or meter-out chamber. 2D axis-symmetric models are applied here to reduce computation cost, since we are only concerned with the general behavior of non-orifice fluxes. Let x v £ 0 0 635mm, and various velocities with the flat profiles are applied as the inlet boundary conditions, for both meter-in and meter-out chambers. The non-orifice fluxes as the function of inlet velocity squared, which is directly associated with Q 2 , are shown in Fig. 5 . It is clear that the non-orifice flux is proportional to Q 2 , i.e., the efflux in meter-in chamber is c in Q 2 and the influx in meter-out chamber is c out Q 2 . The slopes of the regression lines show that c in is nearly twice as large as c out . Secondly, whether or not c in and c out are fixed for a given geometry needs to be considered. Particularly we are interested in c in and c out for various x v and for various damping lengths. The non-orifice flux coefficients for various x v and L are calculated and shown in Fig. 6. Fig. 6 shows that indeed c in and c out remain constant for various x v and L, so that the non-orifice fluxes are well modeled via the coefficients c in and c out .
CFD analysis of the steady flow forces
For flow force analysis, we will use 3D CFD models. Constant pressure boundary conditions, the inlet pressure P s Using the above estimated parameters, and the flow rate Q which can be directly obtained, the net efflux can be computed using Eqs. (5)(6) or (5)(14). Fig. 7 shows that the net efflux from (6)(14) matches very well the one from (5), indicating the proposed models that take into account c in and c out are successful, especially compared with an observable discrepancy by the models in [7] . Fig. 8 shows that the old models that do not consider c in and c out yield the net efflux diverting from the CFD results.
Next consider the sleeve force. Since the Reynolds number Re 3 150, the sleeve force can be directly derived from the equation of head loss h L , i.e., F sleeve
where A is the cross section of the chamber, D eq is the equivalent diameter of the chamber and is equal to the difference of the diameter of the sleeve and the rod [5] . [7] . Finally, we consider the steady flow forces. We define
where F steady! 0 represents the fundamental way of calculating the force; F steady! 1 is the optional approach based on the momen- tum equation; F steady! 2 estimates the momentum and sleeve forces from the simple analytical equations; F steady! inviscid represents the traditional method [1] [2] [3] of estimating steady flow forces that neglects viscosity. See [7] for detailed discussion of these models. The comparisons in Fig. 9 shows that the viscosity effect plays a significant role in reducing the steady flow force for negative damping lengths, and of increasing it for positive damping lengths. In particular, for the negative damping length case, the steady flow force hasbeen so reduced that it becomes either unstable or marginally stable. Next we consider the steady flow forces in relation to damping length, as can be seen in Fig. 10 . For each of the four x v values, there are two corresponding lines, one of which is in the negative L region while the other in the positive L region. The intersection point between either line and zero damping length, represents the steady forces contributed purely by the momentum(the net efflux). Given a x v , the value for the meter-in chamber at L £ 0 is different from the one for the meter-out chamber, because of the disparity of c in and c out . Moveover, the slopes of the lines are determined from ∂F steady ∂L , or ¤ αµQ from (8)(15). For a x v , the flow rate of the meter-in chamber is nearly same as that of the meter-out chamber, therefore the lines for every x v are parallel. Moreover, the slopes vary with x v : the larger x v , associated with the larger Q, has the steeper slope, and vice versa.
CFD analysis of transient flow forces
It is difficult to use CFD to directly estimate the transient flow forces as it requires dynamic transmogrification of a com- plicated control volume which is hard to implement. A large amount of computer resource is required if the moving boundary condition method is used to solve this problem. Instead, the transient flow forces are estimated using the quasi-static assumption. Backward difference is then used to obtain ∂Q4 ∂x v , i.e.,
where k spool agility by using the transient flow forces.
Experimental apparatus and results
The experiment aims at verifying the steady ow force models in section 2 and that the viscosity and the non-orifice flux have significant effects on the steady flow forces, and hence on the spool agility.
The core of the setup is a custom built valve that allows for different (both positive and negative) damping length L. The valve sleeve has multiple (11) ports, fitted with quick couplers for connection to the inlets and outlets. The ports that are not connected are blocked. By connecting the actuator, supply and return to different ports, the dimensions L 1 and L 2 in Fig. 1 and the damping length L can be changed. The spool consists of a hardened precision anodized aluminum shaft on which several bronze lands can be arbitrarily positioned to be consistent with the inlet / outlet locations.
Measurement and estimation of steady flow
forces In order to measure the steady force, the shaft of the valve is aligned with a force sensor that can measure both compressible and tensile stress along the axis of the spool. The position of the spool can be adjusted such that a desired orifice area is achieved. A digital flow meter is inserted on the downstream of the valve, together with a pressure relief valve, to guarantee a desired flow rate through the valve. Thus the scenario of the CFD analysis for a given x v can be duplicated. Given any of the damping lengths of interest, we turn on the pump to let the fluid flow through the valve, then the force sensor will experience the steady flow force. Then we turn off the pump. In this process, the force values are being recorded by PC. Fig. 11 shows the measured steady flow forces and the corresponding estimates at various flow rates. In experiment, we set the orifice area 6 However, we also notice that the estimated values do not perfectly fit the experimental ones. The experimental data shift downward in the full damping length, to different extents for negative L and positive L. We put a large amount of effort to investigate the sources of the disparity. We eventually found that they may possibly due to the limitation of the experimental condition. First of all, the area difference of the lands at each end of the spool (due to machining inaccuracy) leads to the extra orificeclosing force (negative force in the figure) as the chamber is pressurized. We record the pressure values utilizing digital pressure transducers in the experiments. Multiplying these pressure with the differential area (0 0 186mm 2 ) results in the offset values ∆ 1 that range from -0.14N to -0.25N, as shown in Table 2 . The second factor that affects the experimental results is the modified shape of the lands. In order to reduce the friction between the lands and the sleeve, we intentionally machine them 2 0 55 tapered to achieve a hydrostatic bearing. As can be seen in Fig. 12 , the control volume here is different from that in section 2. Referring to Eqs. (2) (3), we derive the spool force of the tapered land valve,
(23) where n is the outwardly directed normal vector of the integral surface, and n x represents the positive x unit vector. ∆ 2 consists of the pressure force applied on the orifice plane (o-p) and on the side surface of the right land (s-l) respectively, along the positive spool axis. Intuitively, ∆ 2 ( 0 for the meter-in case because the second term of ∆ 2 is greater than the first term, while ∆ 2 3 0 for the meter-out case because of the opposite effect. This is verified through CFD analysis, and the specific values are listed in Table 2 . If we add ∆ 1 ¥ ∆ 2 to what is from the models, then the estimation is more consistent with the experiment, as shown in Fig. 13 . In a commercial valve, we expect that a much smaller taper will be used since more precise machining will be available, so in practice, this correction is not need.
Dynamic test of damping length
In the second experiment, the force sensor is detached out of the valve. Instead, the spool is actuated by a pair of solenoids and the spool's displacement is measured by a linear potentiometer. The solenoids are driven by a MOSFET amplifier circuit. The control of the solenoid and data acquisition are 216m. These experimental results show clearly that damping length has a significant effect on spool agility.
Discussion
We have systematically studied the flow forces inside the meter-in and meter-out chambers separately. In practice, the two chambers should be utilized together to achieve the function of the bidirectional flow control, as shown in Fig. 1 . The typical resultant steady forces, as shown in Fig. 15 , are the summation of the meter-in steady force and the meter-out steady force:
